Invasive aspergillosis is predominantly caused by Aspergillus fumigatus, and adaptations to stresses experienced within the human host are a prerequisite for the survival and virulence strategies of the pathogen. The central signal transduction pathway operating during hyperosmotic stress is the high osmolarity glycerol mitogen-activated protein kinase cascade. A. fumigatus
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Abstract
Invasive aspergillosis is predominantly caused by Aspergillus fumigatus, and adaptations to stresses experienced within the human host are a prerequisite for the survival and virulence strategies of the pathogen. The central signal transduction pathway operating during hyperosmotic stress is the high osmolarity glycerol mitogen-activated protein kinase cascade. A. fumigatus
MpkC and SakA, orthologues of the Saccharomyces cerevisiae Hog1p, constitute the primary regulator of the hyperosmotic stress response. We compared A. fumigatus wild-type transcriptional response to osmotic stress with the ΔmpkC, ΔsakA, and ΔmpkC ΔsakA strains. Our results strongly indicate that MpkC and SakA have independent and collaborative functions during the transcriptional response to transient osmotic stress. We have identified and characterized null mutants for four A. fumigatus basic leucine zipper proteins transcription factors. The atfA and atfB have comparable expression levels with the wild-type in ΔmpkC but are repressed in ΔsakA and ΔmpkC ΔsakA post-osmotic stress. The atfC and atfD have reduced expression levels in all mutants post-osmotic stress. The atfA-D null mutants displayed several phenotypes related to osmotic, oxidative, and cell wall stresses. The ΔatfA and ΔatfB were shown to be avirulent and to have attenuated virulence, respectively, in both Galleria mellonella and a neutropenic murine model of invasive pulmonary aspergillosis.
| INTRODUCTION
Invasive aspergillosis has emerged as one of the most common lifethreatening fungal diseases of immunocompromised humans and has been reported to have mortality rates as high as 90% (Brakhage, 2005; Brown, Denning & Levitz, 2012a; Brown, Denning, Gow, Levitz, & Netea et al., 2012b; Lackner and Lass-Flörl, 2013) . Invasive aspergillosis is predominantly caused by Aspergillus fumigatus, a saprophytic, soil-dwelling filamentous fungus that produces conidia as means of dispersal that can be inhaled by humans. A. fumigatus is a major opportunistic pathogen and allergen of mammals (Greenberger, 2002; Dagenais and Keller, 2009) , causing approximately 65% of all invasive fungal infections in humans while being the most frequently encountered species accounting for fungal pulmonary infections (Brown et al., 2012a , Brown et al., 2012b Lackner & Lass-Flörl, 2013) . The ability to sense and adapt to the surroundings is essential for the survival of A. fumigatus within a mammalian host. A. fumigatus adaptations to stresses experienced within the human host are a prerequisite for the survival and virulence strategies of the pathogen . There is a general consensus that aspergillosis is a multifactorial disease with several phenotypes influencing the final outcome of the disease establishment (Tekaia & Latgé, 2005; Hartmann et al., 2011; Sugui, Kwon-Chung, Juvvadi, Latgé, & Steinbach, 2014) .
The highly conserved mitogen-activated protein kinase (MAPK) signaling pathways are essential for adaptations to environmental change (Pearson et al., 2001; Rispail et al., 2009 ). The MAPK cascades are important for relaying, integrating, and amplifying intracellular signals and are crucial signaling components involved in many cellular processes (Pearson et al., 2001; Rispail et al., 2009 ).
The central signal transduction pathway operating during hyperosmotic stress is the high osmolarity glycerol (HOG) MAPK cascade (Martínez-Montañés, Pascual-Ahuir, & Proft 2010; de Nadal & Posas, 2015) . In Saccharomyces cerevisiae, the Hog1p MAPK is involved in many aspects of the osmotic stress adaptation, modulating ion transport across cell membranes, regulating cell cycle progression during stress, and affecting translation efficiency, and it is responsible for promoting a complex transcriptional program in the nucleus (Martínez-Montañés et al., 2010; de Nadal & Posas, 2015) . In A. fumigatus, MpkC and SakA are orthologues of the S. cerevisiae Hog1p and constitute the main regulators of the osmotic stress response (OSR; Rispail et al., 2009 ). The MpkC protein sequence is very similar to that of SakA (68.4% identity; 82.9% similarity; BLAST e-value: 2e-147). SakA and MpkC have also been shown to play a role in caspofungin adaptation and carbon source utilization, respectively (Reyes, Romans, Nguyen, & May, 2006; Altwasser et al., 2015; Valiante, Macheleidt, Föge, & Brakhage, 2015a) .
We have recently shown the multifunctional roles of the two A. fumigatus Hog1p orthologues, MpkC and SakA (Bruder Nascimento et al., 2016) . Both MAPKs were shown to be important for adaptations to osmotic and oxidative stresses, cell wall damage, and heat shock.
The simultaneous disruption of both MAPKs had an additive effect, as the ΔmpkC ΔsakA double mutant showed increased sensitivity to the aforementioned stresses in comparison with the single ΔmpkC and ΔsakA mutants. Furthermore, this interaction was essential for full virulence and macrophage recognition. In the majority of cases, the stress phenotypes of ΔmpkC were moderate, while the phenotypes of ΔsakA were more dramatic (Bruder Nascimento et al., 2016) .
Because most of the phenotypes observed for ΔmpkC were milder than the ΔsakA mutant, we proposed that both the cell wall integrity (CWI) and HOG pathways collaborate to cope with several different types of stress and cell wall biosynthesis and that MpkC could act by modulating SakA activity.
The basic leucine zipper proteins (b-ZIP) transcription factors are characterized by the presence of a coiled-coil motif of seven amino acids that mediates dimerization (Vinson, Acharya, & Taparowsky, 2006) . Actually, this dimerization domain was named leucine zipper because there is a leucine residue for every seven amino acids (Vinson et al., 2006) . In b-ZIP, the DNA binding motif is positioned immediately N-terminal to the dimerization domain (Landschultz et al., 1988; Vinson et al., 2006) . b-ZIP proteins can potentially form homodimers and heterodimers that can have different biological functions. The Schizosaccharomyces pombe Atf1p was first identified as a transcription factor containing a b-ZIP domain at the C-terminus with high identity to the mammalian Activating transcription factor/cAMP response element binding protein (ATF/CREB) transcription factors binding specifically to Activating transcription Factor/cyclic AMP Response Element (ATF/CRE) recognition sites (Takeda et al., 1995) . Atf1 has been shown to be involved in sexual development, entry into stationary phase, and G1 arrest of the cell cycle, plus osmotic and ultraviolet stress responses (Takeda et al., 1995; Shiozaki & Russell, 1996; Degols & Russell, 1997) .
In S. pombe, mutants defective in the HOG MAPK Sty1/Spc1-Atf1 regulatory pathway are hypersensitive to different types of environmental stresses (Nguyen, Lee, Place, & Shiozaki, 2000; Quinn et al., 2002; Chen et al., 2008) . Takada et al. (2007) demonstrated that Δatf1 is hypersensitive to cell wall-damaging agents and that Atf1p is a key component of the S. pombe CWI Pmk1 pathway. Hagiwara, Suzuki, Kamei, Gonoi, and Kawamoto (2014) identified four A. fumigatus Atf1p orthologues, named atfA-D, and showed that conidia from ΔatfA mutants were more sensitive to high temperature and oxidative stress, having a reduced trehalose content. Interestingly, these authors also showed that the ΔsakA and ΔmpkC mutants both produced normal conidia, while ΔsakA ΔmpkC double mutant was defective in conidia stress tolerance, strongly indicating that two MAPKs redundantly regulate the conidia-related function of AtfA. In Aspergillus nidulans, the AtfA orthologue is involved in the response to oxidative, osmotic, and heat stresses and regulates development (Hagiwara, Asano, Yamashino, & Mizuno, 2008; Balázs et al., 2010; Lara-Rojas, Sánchez, Kawasaki, & Aguirre, 2011) . In Aspergillus oryzae, AtfA and AtfB have been reported to be involved in the control of conidial germination and stress tolerance (Sakamoto et al., 2008; Sakamoto et al., 2009 ).
The present study investigated the early transcriptional response of A. fumigatus to osmotic stress. More significantly, we also compared the A. fumigatus wild-type transcriptional response to osmotic stress with that of the ΔmpkC, ΔsakA, and ΔmpkC ΔsakA mutant strains. This approach revealed how A. fumigatus adapted to osmotic stress, highlighting several putative signal transduction pathways and transcription factors important for this adaptation that appear transcriptionally dependent on MpkC and SakA. Subsequent genetic analyses showed the importance of AtfA-D to the adaptation to osmotic, oxidative, and cell wall stresses, in addition to fungal virulence.
2 | RESULTS 2.1 | Transcriptome analysis of the wild-type, ΔmpkC, ΔsakA, and ΔmpkC ΔsakA strains exposed to osmotic stress RNA sequencing was used to interrogate how A. fumigatus adapts to hyperosmotic conditions. In order to identify which genes were dependent on MpkC and SakA, we evaluated the genome-wide transcriptional profile of the wild-type, ΔmpkC, ΔsakA, and ΔmpkC ΔsakA strains before and after exposure to 1 M sorbitol for 10 min. We defined the differentially expressed genes as those with a minimum of twofold change in gene expression (controlling at a false discovery rate [FDR] of 0.05) when compared with the unstressed equivalent of the same strain ( Figure 1a , control, 0 min; Figure S1 ; Tables S1-S10). In the wild-type strain, 962 and 731 genes were upregulated and downregulated, respectively, post-osmotic stress (17.2% of a total of 9840 genes). Gene ontology (GO) enrichment analyses for the wild-type strain demonstrated a transcriptional upregulation of genes encoding proteins involved in carbohydrate, polyol, lipid, and trehalose metabolic processes. Conversely, there was a downregulation of genes encoding for proteins involved in primary, nucleic acid, and nitrogen compound metabolic processes, accompanied by a repression of ribosome biogenesis, RNA processing, and DNA-dependent DNA replication initiation (Table 1, first column;   Table S11 ). This initial analysis of the wild-type transcriptome implies that A. fumigatus downregulates growth and protein translation while increasing the degradation of lipids and shifting primary metabolism to the production of osmolytes and trehalose.
The genes that were differentially expressed in the three MAPK mutants post-exposure to 1 M sorbitol for 10 min were identified showed the highest number of strain-specific transcriptional modulations, including 518 upregulated and 402 downregulated genes. This suggests that SakA and MpkC have different and overlapping roles in the osmotic stress response, transcriptionally activating and repressing osmo-dependent genes, while the double MAPK mutation has the greatest impact.
The transcriptomes of the three mutants post-osmotic stress were individually compared to the wild-type strain (log2FC ≥ 1.0 and ≤ −1.0) revealing (a) from the 962 genes upregulated in the wild-type, there were 132, 655, and 710 genes that were not induced to wildtype levels in the ΔmpkC, ΔsakA and ΔmpkC ΔsakA mutants, respectively, and (b) from the 731 genes downregulated in the wild-type, there were 158, 218, and 468 genes that were not repressed to wild-type levels in the ΔmpkC, ΔsakA and ΔmpkC ΔsakA mutants, respectively (Table S12) .
Gene ontology enrichment analyses revealed the distinct biological functions of the transcriptional differences between the strains.
The 158 genes that were not repressed to wild-type levels in the ΔmpkC strain post-osmotic stress showed the induction of genes involved in mitotic cell cycle, nucleic acid metabolism, primary metabolic process, and ribosome biogenesis (Tables 2 and S11 ). There was no enrichment for the 132 genes that were not repressed to wild-type levels in ΔmpkC (data not shown). The 655 genes that were not induced to wild-type levels in ΔsakA were involved in cellular response to oxidative and osmotic stresses, trehalose catabolic process, and two-component signal transduction (Tables 3 and S11 ). The 218 genes that were not repressed to wild-type levels in ΔsakA were involved in mitotic cell cycle, nucleic acid metabolic process, primary metabolic process, and ribosome biogenesis (Tables 3 and S11) .
Finally, GO enrichment analyses for the 710 genes that were not induced to wild-type levels in ΔmpkC ΔsakA revealed the repression of genes involved in cellular carbohydrate catabolic process, osmosensory signaling pathway, response to heat, and trehalose metabolic process (Tables 4 and S12 ). In contrast, the 468 genes that were not repressed to wild-type levels in ΔmpkC ΔsakA were involved in DNA-dependent DNA replication initiation, metabolic process, nucleic acid metabolic process, ribosome biogenesis, cellular carbohydrate catabolic process, osmosensory signaling pathway, response to heat, and trehalose metabolic process (Tables 4 and S12). (Table S14) . GO enrichment analyses for the genes downregulated in the mutants at both time zero and post-10 min osmotic stress showed the repression of genes involved in the response to oxidative stress and cellular polysaccharide catabolic process (in ΔmpkC, ΔsakA, and ΔmpkC ΔsakA) and hyperosmotic response (in ΔmpkC ΔsakA; Table S15 ). In contrast, the genes upregulated in the mutants were involved in ribosome biogenesis, nuclear division, and carboxylic organic acids (in ΔmpkC, ΔsakA, and ΔmpkC ΔsakA) and DNA and RNA metabolic processes (in ΔmpkC ΔsakA; Table S15 ). For the full list, refer to Table S11 . GO, gene ontology.
For the full list, refer to Table S14 . Functional categories for these species were identified using GO resources at Aspgd (www.aspgd.or), SGD (www.yeastgenome.org/GOContents.shtml), PomBase (http://www.pombase.org/), and CGD (http://www.candidagenome.org/). We have removed redundant categories that have groups with weak probability and apparently are not participating in the response. Saccharomyces cerevisiae OSR genes were from O'Rourke and Herskowitz ( For the full list, refer to Tables S11 and S17.
Finally, genes that were differentially expressed in the mutants compared with the wild-type strain only at time zero were identified (Tables S14 and S15 ). There were 161, 114, and 150 genes upregulated in ΔmpkC, ΔsakA, and ΔmpkC ΔsakA mutants, respectively, at time zero (Tables 5 and S14 ). We observed 369, 226, and 420 genes that were downregulated in ΔmpkC, ΔsakA, and
ΔmpkCΔsakA mutants, respectively, at time zero (Tables 5 and S14 ).
Because these genes were not modulated in the wild-type strain upon osmotic stress, their differential expression suggests that MpkC and SakA perform biological roles that are not exclusively related to osmotic stress. We were not able to see any enrichment for GO terms within the genes upregulated and downregulated in the ΔsakA and
ΔmpkCΔsakA mutants and upregulated in the ΔmpkC mutant at time zero (Table S15) . Interestingly, most of these genes encoded for unknown, but fungal conserved, proteins (Tables S1-S10 , S14, and S15). However, there was an enrichment for genes downregulated in the ΔmpkC mutant at time zero encoding for proteins involved in cellular carbohydrate, carboxylic, organic acid, and alcohol metabolic processes (Table S15) (Tables 1 and   S17 ). In all datasets, DNA and RNA metabolism, cell cycle progression, and nitrogen compound metabolic processes were decreased (Tables 1   and S17 ). However, genes involved in ribosome biogenesis were only downregulated in A. fumigatus and S. cerevisiae, while vesicle-mediated transport was only downregulated in S. cerevisiae and S. pombe (Tables 1 and S17 ). Interestingly, cellular amino acid and phosphorus and lipid metabolic processes were only downregulated in S. cerevisiae and S. pombe, respectively (Tables 1 and S17 ). In all four fungal species, genes that encode proteins involved in primary metabolism, carbohydrate metabolism, trehalose, polyol, and organic substances were upregulated (Tables 1 and S17 ). The upregulation of proteolysis and ubiquitin-dependent protein catabolic process was unique to S. cerevisiae and C. albicans (Tables 1 and S17) . Surprisingly, response to stress was only upregulated in S. cerevisiae and C. albicans (Tables 1   and S17 ).
Subsequently, we compared A. fumigatus genes modulated during osmotic stress (AfOS) with the Sc-Sp-Ca dataset containing 753 genes that show dependence on HOG1 (as defined by Enjalbert et al., 2006;  see Experimental procedures and Table S18 ). Twenty-nine A. fumigatus genes have no orthologues in this enriched dataset (Table S18 ). Table S18 shows that 77.8% (44.8% and 33.0% upregulated and downregulated, respectively) of the A. fumigatus SakA-dependent AfOS response was also HOG1-dependent in Sc-Sp-Ca. About 16.5%
of AfOS orthologues present in the enriched Sc-Sp-Ca dataset have non-modulation neither in ΔmpkC, ΔsakA, ΔmpkC ΔsakA mutants (Table S18) .
Taken together, these results strongly suggest that about 80% of the responses to osmotic stress were common among the four different fungi and dependent on Hog1 or SakA, but there were also species-specific differences.
| Modulation of genes encoding for proteins involved in signal transduction and transcription factors
We concentrated our attention on network-related signaling proteins important to the OSR. However, because the two-component system (TCS) working upstream the HOG pathway in Aspergilli has never been elucidated, the putative signaling pathway was based on bioinformatics predictions. The A. fumigatus osmotic stress, HOG pathway, For the full list, refer to Table S15. is composed of two signaling modules: (a) the TCS-like phosphorelay module composed of a hybrid sensor kinase (TcsC/NikA), a histi- The expression of genes encoding proteins putatively involved in the two-component system, the high osmolarity glycerol mitogen-activated protein kinase module, other signal transduction pathways and downstream transcription factors upon osmotic stress. The RNA-seq data for annotated genes corresponding to (a) the two-component system and high osmolarity glycerol mitogen-activate protein kinase module, (b) signal transduction proteins, and (c) transcription factors. The wild-type is shown as 10 min osmotic stress 1 M sorbitol versus time zero (16 hr growth), and gene deletion strains are shown as the deletion strain versus the equivalent wild-type 10 min time point (the mutant values have been normalized to the basal level of expression of each gene before stress, i.e. expression ratios are being compared: wild-type 10 min versus time zero divided by a specific mutant 10 min versus time zero). MeV analysis was performed using hierarchical clustering, using Pearson correlation with complete linkage clustering biogenesis (Swinnen, Ghillebert, Wilms, & Winderickx, 2014) , the regulatory (PkaR) and catalytic (PkaC) subunits of protein kinase A (Afu3g10000 and Afu2g12200), and the putative Ksp1 kinase that associates with TOR1 (Afu5g06470; De Souza et al., 2013) . We have also observed in the wild-type strain an upregulation of several genes encoding protein phosphatases, such as PpmA (Afu8g04580) and PypA (Afu4g04710), and G-protein coupled receptors, such as GprF (Afu5g04100) and Afu7g01430 encoding a putative bacterial rhodopsin, and the G-protein alpha subunit GpaB (Afu1g12930). All these genes were downregulated in the three mutant strains (Figure 2b ).
The protein kinase NimA, a positive mitotic activator (Afu6g02670), the CdcA phosphatase (Afu3g12250), and the G-protein coupled receptor GprM (Afu7g05300) are downregulated in the wild-type and upregulated in all three mutant strains ( Figure 2a ). Taken together, these results suggest that MpkC and SakA can influence the signal transduction pathways related to protein kinase A, calcium calmodulin, and Target Of Rapamycin (TOR).
Subsequently, we identified putative transcription factors, which were differentially expressed in the wild-type and mutant strains post-exposure to osmotic stress, by visual inspection of the current annotation and further BlastP analysis ( Figure 2c and Table 6 ). This revealed atfA, B, C, and D, the orthologues of S. pombe Atf-CREB family Atf1 (Gao, Davidson, & Wahls, 2008) , to be induced in the wild-type strain. The atfA (Afu3g11330) and atfB (Afu5g12960) have comparable expression levels with the wild-type strain in the ΔmpkC mutant but
were not induced in the ΔsakA and ΔmpkC ΔsakA mutants postosmotic stress. The atfC (Afu1g17360) and atfD (Afu6g12150) have reduced expression levels in all mutants post-osmotic stress. Additionally, several uncharacterized transcription factors were shown to be differentially modulated between strains (Table 6) We also evaluated the sensitivity of these strains to β-1,3-glucan synthase inhibitor caspofungin (Figures 5 and 6 ). Both ΔatfA Afs35 and ΔatfA CEA17 were more sensitive to caspofungin at low and high concentrations (Figure 5a and b) . Interestingly, ΔatfB, ΔatfC, and ΔatfD showed increased resistance to low caspofungin concentrations (from 0.10 to 0.25 μg/ml), but they were more sensitive to higher caspofungin concentrations (from 0.50 to 1.0 μg/ml) (Figure 5c Therefore, the wild-type CEA17 and ΔatfB strains showed an expected CPE. However, in the ΔatfA, ΔatfC, and ΔatfD strains, the CPE appears to be compromised ( Figure 6 ). Subsequently, we exposed the wild-type strain to low and high caspofungin concentrations simulating the CPE and evaluated the expression of atfA, B, C, and D (Figure 6b The ΔatfA Afs35 conidia previously showed notable sensitivity to oxidative stress (Hagiwara et al., 2014 Figures S3 and S4 ). The
ΔatfB strain was only more sensitive to t-butyl hydroperoxide ( Figures S3 and S4 ). Additionally, we also observed that only ΔatfA
Afs35
and ΔatfA CEA17 were sensitive to high temperatures ( Figure S5 ).
Collectively, these results strongly indicate that AtfA and AtfB were important for the response to osmotic, oxidative, fungicide, and cell wall stresses, while AtfB and AtfC also influenced the response to iprodione. However, we were unable to assign a functional phenotype to AtfD.
| AtfA is important for A. fumigatus virulence in both Galleria mellonella and a low dose murine infection
Two animal models, including (a) G. mellonella larvae and (b) a neutropenic murine model of invasive pulmonary aspergillosis, were used to evaluate the importance of AtfA-D to A. fumigatus pathogenicity (Figures 7 and 8 ). In the G. mellonella model, infection by either of the two wild-type strains, Afs35 or CEA17, resulted in 100% mortality 6 days post-infection (Figure 7a ). However, the ΔatfA Afs35 or ΔatfA CEA17 mutant strains respectively showed only a 10% and 20% mortality 10 days post-infection, which was not statistically different to the phosphate buffer saline (PBS) control according to the Mantel-Cox and Gehan-Brestow-Wilcoxon tests (Figure 7a and b). The ΔatfB mutant caused 40% mortality 10 days post-infection, which was statistically different to wild-type strain (log-rank
Mantel-Cox, p-value = 0.0289, and Gehan-Brestow-Wilcoxon, p-value = 0.0297; Figure 7c ). There was no statistical difference between the wild-type strains, ΔatfC and ΔatfD, and the respective complemented strains (Mantel-Cox and Gehan-Brestow-Wilcoxon, p-value >0.05; Figure 7d and e).
In the neutropenic murine model of invasive pulmonary aspergillosis, wild-type infection by either Afs35 or CEA17 resulted in 100% and Furthermore, this interaction was essential for virulence and macrophage recognition. Our results suggested that MpkC could act by The ΔatfA and ΔatfB mutant strains are more sensitive to sorbitol and cell wall-damaging agents. The wild-type, mutant, and complemented strains were grown on MM with (a) sorbitol 1.2 M, (b) calcofluor white 250 μg/ml, (c) Congo red 200 μg/ml, (d) iprodione 3.5 μg/ml, and (e) fludioxonil 0.02 μg/ml for 96 hr at 37°C. The data are expressed as radial growth specific treatment/radial growth control (mm). The results are expressed as average (± one standard deviation) of three independent biological repetitions (*p < 0.001, determined by t-tests when compared with the wild-type strain) the β-1,3-glucan synthase and chitin synthase inhibitors, caspofungin and nikkomycin Z, respectively, when compared with the wild-type and complemented strains (Bruder Nascimento et al., 2016) . However, the wild-type and the ΔmpkC strains kept the CPE, while in the ΔsakA and ΔmpkC ΔsakA mutants, the CPE was partially decreased (Bruder Nascimento et al., 2016) . Interestingly, ΔatfA was sensitive to high and low concentrations of caspofungin, while ΔatfB, −C, and -D were resistant to low, but sensitive to high, caspofungin concentrations. Additionally, the CPE was only observed in the wildtype and ΔatfB strains. The expression of atfB, −C, and -D augmented in response to different caspofungin concentrations, while atfA showed only a discrete increase. It has been proposed that increased concentrations of caspofungin promoted activation and cross-talk between the A. fumigatus MpkA and SakA pathways (Altwasser et al., 2015; Bruder Nascimento et al., 2016; Valiante et al., 2015b) . Additionally, the existence of a salvage pathway, possibly dependent on MpkC and SakA, which would compensate the caspofungin stress response, has been proposed (Valiante et al., 2015b) . This salvage pathway would most likely activate genes (for instance, chitin synthases) that would help to compensate for the reduction of β-1,3-glucan in the cell wall, caused by caspofungin inhibiting β-1,3-glucan synthase activity. We propose that atfA-D are partially fulfilling this role, either directly or indirectly activating genes that would strengthen the cell wall. This strongly suggested that under specific stress conditions, AtfA was required by P. marneffei, potentially contributing to the fight against the host immune response during the establishment of infection (Nimmanee et al., 2014) .
In summary, we defined the transcriptional landscape of the 
| Strains, media and culture methods
The A. fumigatus strains used in this study are described in Table 7 original high nitrate salts, trace elements, 2% (w/v) agar, pH 6.5) was also used. Trace elements, vitamins, and nitrate salts were described by Kafer (1977) . 
fumigatus mutants
The gene replacement cassettes were constructed by in vivo recombination in S. cerevisiae as previously described by Colot et al. (2006) and Malavazi and Goldman (2012) . Approximately 2.0 kb from the untranslated region 5′-(UTR) and 3′-UTR flanking region of the targeted open reading frame regions were selected for primer design. The primers 5F and 3R contained a short homologous sequence to the multiple cloning site of the plasmid pRS426. Both the 5′-and 3′-UTR fragments were PCR-amplified from A. fumigatus genomic DNA (gDNA).
The pyrG gene, which was placed within the cassette as a prototrophic marker, was amplified from the pCDA21 plasmid. The deletion cassette was generated by transforming each fragment along with the plasmid pRS426 cut with BamHI/EcoRI into the S. cerevisiae strain SC94721, using the lithium acetate method (Schiestl & Gietz, 1989) . The DNA from the transformants was extracted by the method described by Goldman et al. (2003) . The cassette was PCR-amplified from these plasmids utilizing TaKaRa together with the pHATα (Herrera-Estrella, Goldman, & Van Montagu, 1990 ) and selecting for hygromycin resistance on MM plates containing 250 mg/ml of hygromycin B. All the primer sequences are described in Table S19 .
Southern blot and PCR analyses were used to demonstrate that the cassettes had integrated homologously at the targeted A. fumigatus loci. Genomic DNA from A. fumigatus was extracted by grinding frozen mycelia in liquid nitrogen and then gDNA was extracted as previously described (Malavazi & Goldman, 2012) . Standard techniques for manipulation of DNA were carried out as described (Sambrook & Russell, 2001 
| Phenotypic assays
The phenotypes of the deletion mutant were evaluated either by radial growth or assessing the initial growth of a droplet of conidia from a serial dilution, at different temperatures, in the presence or absence of oxidative and osmotic stressing agents. Drop out experiments were performed using 5 μl of a 10-fold dilution series starting at a concentration of 2 × 10 7 for the wild-type and mutant strains spotted on different media and grown for 48 hr at 37°C.
| RNA extraction and real-time PCR reactions
Post-treatment, mycelia were harvested by filtration, washed twice with H 2 O, and immediately frozen in liquid nitrogen. For total RNA isolation, mycelia were ground in liquid nitrogen. Total RNA was extracted using Trizol (Invitrogen). The integrity of the RNA isolated from each treatment was analyzed using the Agilent 2100 Bioanalyzer system.
For real-time PCR experiments, RNase free DNase I treatment was carried out as previously described by Semighini, Marins, Goldman, and Goldman (2002) . RNA-seq data (see below) were exploited to select genes for normalization of the quantitative PCR data, applying the method of Yim et al. (2015) . Briefly, genes with a coefficient of variation smaller than 20%, behaving in a normally distributed manner, and with large expression values (FPKM) were selected. After experimental validation, gene aspf7/Afu4g06670 was selected. Twenty micrograms of total RNA was treated with DNase, purified using an RNeasy kit (Qiagen), and cDNA was generated using the SuperScript III First Strand Synthesis system (Invitrogen) with oligo(dT) primers, according to manufacturer's instructions. Quantitative real-time PCR was performed for The control group was the larvae inoculated with 5 μl of PBS to observe the killing due to physical trauma. The inoculum was performed by using Hamilton syringe (7000.5KH) and 5 μl into the haemocel of each larva via the last left proleg. After, the larvae were incubated in a glass container (Petri dishes) at 37°C in the dark. The larval killing was scored daily. Larvae were considered dead by presenting the absence of movement in response to touch. Conidial suspensions were spun for 5 min at 3,000 × g, washed three times with PBS, counted using a hemocytometer, and resuspended at a concentration of 5.0 × 10 6 conidia/ml. The viability of the adminis- DNA quantity and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific). At least 500 μg of total DNA from each sample was used for quantitative real-time PCRs.
PCR reactions were performed using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, USA) and SYBR Green detection.
SYBR® Green PCR Master Mix (Applied Biosystems, USA) was used for reaction mixture preparation. The primer sets for the analyses were used to amplify the 18S rRNA region of A. fumigatus (18S rRNA Afu sybr FW, 5′-GACCTCGGCCCTTAAATAGC-3′ and 18S rRNA Afu sybr Rv, 5′-CTCGGCCAAGGTGATGTACT-3′) and an intronic region of mouse GAPDH, encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH mouse sybr FW, 5′-GAGGGACTTGGAGGACACAG-3′ and GAPDH mouse sybr Rv, 5′-ACATCACCCCCATCACTCAT-3′). Sixpoint standard curves were calculated using serial dilutions of gDNA from all the A. fumigatus strains used and the uninfected mouse lung.
Fungal and mouse DNA quantities were obtained from the threshold cycle values from an appropriate standard curve. Fungal burden was determined as the ratio between picograms of fungal and micrograms of mouse DNA.
| RNA sequencing
Aspergillus fumigatus conidia (1 × 10 6 sp/ml) from the strains Afs35, ΔsakA, ΔmpkC, and ΔmpkC ΔsakA were inoculated into liquid YPD (1% yeast extract, 1% polypeptone, and 1% glucose) and cultured, in three biological replicates, for 16 hr prior to addition of one half volume of 3 M sorbitol (final concentration: 1 M). Mycelia were harvested and frozen in liquid nitrogen before and 10 min after the addition of sorbitol. For total RNA isolation, mycelia were ground in liquid nitrogen. Total RNA was extracted using Trizol (Invitrogen), treated with RNase-free DNase I (Fermentas) and purified using an RNAeasy Kit (Qiagen) according to manufacturer's instructions. The RNA from each treatment was quantified using a NanoDrop and Qubit fluorometer and analyzed using an Agilent 2100 Bioanalyzer system to assess the integrity of the RNA. RNA integrity number was calculated; the RNA sample had an RNA integrity number of 9.0-9.5.
An Illumina TruSeq Stranded mRNA Sample Preparation kit was used. Briefly, polyA-containing mRNA molecules were selected using polyT oligo-attached magnetic beads. Fragmentation and paired-end library preparation were done using divalent cations and thermal fragmentation. First-strand cDNA synthesis was performed using reverse transcriptase (Superscript II) and random primers. This was followed by second-strand cDNA synthesis using DNA polymerase I and RNase H and dUTP in place of dTTP. AMPure XP beads were used to separate the dscDNA from the second strand. At the end of this process, we had blunt-ended cDNA to which a single "A" nucleotide was added at the 3′ end to prevent them from ligating to one another during the adapter Obtained fastq files were quality checked with FastQC (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc/) and cleaned (quality trim, adaptor removal, and minimum length filtering) with
Trimmomatic (Bolger, Lohse, & Usadel, 2014) ; finally, ribosomal RNA was removed using SortMeRNA (Kopylova, Noé, & Touzet, 2012) .
High-quality reads were mapped to the A. fumigatus Af293 genome sequence (Nierman et al., 2005) using Tophat2 (Kim et al., 2013) in strand-specific mode. Saturation of sequencing effort was assessed by counting the number of detected exon-exon junctions at different subsampling levels of the total high-quality reads, using RSeQC (Wang, Wang, & Li, 2012) . All samples achieved saturation of known exonexon junctions. Reproducibility among biological replicates was assessed by exploring a multidimensional scaling plot of the top 500
genes that have the largest biological variation between the libraries and by pair-wise measuring the Pearson correlation among the replicates over the whole set of genes, which lead to the removal of four samples from downstream analyses (ΔmpkC at 10 min replicate 1, ΔmpkC at 0 min replicate 1, ΔmpkC ΔsakA at 10 min replicate 3, and ΔmpkC ΔsakA at 0 min replicate 3). In order to assess transcript abundance, exonic reads were counted in a strand-specific way using the Rsubread library (Liao, Smyth, & Shi, 2013) from the Bioconductor suite (Huber et al., 2015) . Calling of differentially expressed genes was carried out in EdgeR (Robinson, McCarthy, & Smyth, 2010) , controlling for an FDR of 0.05 (Benjamini, Drai, Elmer, Kafkafi, & Golani, 2001 ).
4.8 | Bioinformatics analysis of the HOG1/SakA/MpkC function in S. cerevisiae, C. albicans, S. pombe, and A. fumigatus
We have used the dataset from Enjalbert et al. (2006) describing the genes induced by osmotic stress in S. cerevisiae, S. pombe, and C. albicans. We selected A. fumigatus orthologues by using reciprocal Blastp analysis with a cutoff e-value of 10e-5, where the best bidirectional hits were selected. We compared the expression of all these four datasets by following the same definition provided by Enjalbert et al. (2006) for Hog1-regulated genes: 50% higher in HOG1 cells than in hog1 cells (HOG1/hog1 ≥ 1.5) or at least 40% lower in HOG1 cells than in hog1 cells (HOG1/hog1 ≤ 0.60). GO enrichment analyses of the significantly modulated gene sets were performed in A. fumigatus by using FetGOat (Nitsche et al., 2011) . Gene annotation and GO enrichment for S. cerevisiae, S. pombe, and C. albicans were obtained from SGD (http://www.yeastgenome.org/), CGD (http://www.
candidagenome.org/), and PomBase (http://www.pombase.org/), respectively, with a critical FDR p-value of 0.05, a minimal annotation group size of 2, and the Benjamini and Hochberg correction. We have removed the functionally redundant categories and weak probability groups with no clear significance in the response to make simpler the list of functional categories.
